Moringa oleifera has been used for centuries as a traditional medicine in a number of sub-tropical countries. Recent studies have found it to be rich in flavonoids that exhibit antioxidant activity both in vitro and in vivo. In this study slightly modified conditions were examined in order to maximise the yield of these compounds in particular; Myricetin, Quercetin and Kaempferol. Quantitative analysis of these flavonoids were established using reverse phase ion-pairing High Performance Liquid Chromatography (HPLC) at a wavelength of 370 nm. The method development was carried out following the International Conference for Harmonization guidelines. It was found that refluxing with 0.10 M hydrochloric acid for 24 hour provided high yields of the flavonols (myricetin 292 mg/kg, quercetin 1099 mg/kg and kaempferol 133 mg/kg). There was a significant difference in the yield of these flavonols originating from the different geographical locations, with Community Forest Management Farm (CFM Farm) yielding the highest quantity of the flavonols under the conditions applied.
Introduction
Moringa oleifera (M. oleifera), referred to as "the tree of life" is native to the sub-Himalayan regions of India, Pakistan, Bangladesh and various regions of the African continent (Madukwe et al., 2013) . Most parts of the plant including the leaves, roots, seeds, bark, fruits and flowers have been found to have nutritional and medicinal properties (Madukwe et al., 2013) . Its nutritional properties have increased its cultivation and harvesting since it's an economically viable food source (Busani et al., 2011) . The leaves contain numerous secondary metabolites such as flavonoids and phenolic acids which have recently gained interest for their antioxidant and free radical scavenging properties both in vitro and in vivo (Sankhalkar and Vernekar, 2016) . Free radicals or reactive oxygen species (ROS) are generated in the body due to aerobic respiration, infections and metabolism (Halliwell, 2014) . They cause oxidative stress to biomolecules and cell structures by damaging lipids, proteins and nucleic acids within cells, initiating numerous physiological and pathological aberrations such as inflammation, cardiovascular disease, carcinogenesis and ageing (Rahal et al., 2014) . In addition to their antioxidant properties, it has been found that they exhibit antibacterial, antiviral, anti-inflammatory and anti-carcinogenic properties (El Sohaimy et al., 2015 and Tiloke et al., 2018) . M. oleifera leaf extract has also been found to decrease high blood pressure (Aekthammarat et al., 2018) .
The flavonoids found in M. oleifera are present as flavonols, a subgroup within the flavonoid family derived from the amino acid phenylalanine at several stages of the phenylpropanoid pathway. The key flavonols present are Myricetin, Quercetin and Kaempferol shown in Figure 1 . All three flavonols exist as conjugated chemical structures known as glycosides, linked to one or more sugar molecules via a glycosidic bond. Their bioavailability is dependent on the type of glycoside present within the food source (Saini et al., 2016) . The level of flavonols within a particular plant depends on a number of factors such as country of origin, genetic background, method of cultivation, environmental pressures, handling and storage conditions (Rodrí guez-Pé rez et al., 2015) . Myricetin is known to interact with a range of DNA polymerases, RNA polymerases, reverse transcriptases, telomerases, kinases and helicases, supporting its iron-chelating, antioxidant, anti-inflammatory and anti-carcinogenic properties. Reverse transcriptase inhibition activities also implicate it as a possible antiviral drug against Rauscher murine leukemia virus (RLV) and human immunodeficiency virus (HIV) infections (Semwal et al., 2016) .
Glycosides of quercetin include; Hyperoside, Isoquercetin, Quercitrin, Rutin and Reinutrin. Quercetin has been found to bind to the following targets resulting in its nutraceutical effects; MEK1 (Apoptosis), PI3Kγ (Growth arrest), IKK α/β (Inflammation) (Caddeo et al., 2016) , IRE1-RNAse (Autophagy), Telomerase (Senescence) amongst others (Russo et al., 2012) . Some glycosides of quercetin have also been found to reduce serum levels of low-density lipoproteins (LDL) and increase high-density lipoproteins (HDL) in addition to the reduction of triglycerides and free fatty acids, contributing to its cardiovascular disease prevention attributes (Nabavi et al., 2015) .
Glycosides of kaempferol include; Kaempferitrin, Kaempferol 3-alpha-D-arabinopyranoside, Robinin, Kaempferol 3-O-rutinoside and Trifolin. Kaempferol has been reported to modulate crucial components in cellular signal transduction pathways associated with apoptosis, angiogenesis, metastasis and inflammation (Saw et al., 2014) . Glycosides are conjugates of aglycones with carbohydrates, however to reliably determine the quantity of the flavonols, it is essential to first release them by cleaving the glyosidic bond that links the carbohydrate (Figure 2 ). The liberation of flavonol aglycones can be carried out via acid hydrolysis. Dilute hydrochloric acid was used as the hydrolysing agent to mimic the hydrolytic process carried out in the stomach, in order to determine approximate concentrations of flavonols present in vivo after ingestion (Zhang et al., 2014) . Quercetin and Kaempferol, respectively. (Examin.com Inc, 2016) .
High Performance Liquid Chromatography (HPLC) was used to analyse the flavonols in this study. Fortunately, this was possible due to the varying number of hydroxyl groups present on each flavonol, resulting in varying polarities and interactions of the flavonols with the stationary phase. Hence, the three flavonols exhibit different rates of adsorption/desorption, culminating in effective separation. As part of the validation procedure; repeatability, reproducibility, linearity, lower limit of detection (LLOD) and lower limit of quantification (LLOQ) were determined to ensure suitability of the analytical method.
Although there have been numerous studies published detailing the extraction and HPLC analysis of these flavonols from M. oleifera leaves (Biesaga, 2011; Govardhan et al., 2013; Matshediso et al., 2015; Rodrí guez-Pé rez et al., 2015; Vongsak et al., 2013a & b) , their application was limited because acid hydrolysis was not considered. Wang et al. (2017) compared the extraction procedure using both aqueous and ethanol solutions under reflux conditions in order to determine which of the two methods yielded the highest concentration of flavonols, however, these conditions were not suitable for cleaving the glycosidic bond.
This study aimed at accurately determining the quantity of three flavonols, namely Myricetin, Quercetin and Kaempferol, from the Moringa Oleifera leaves derived from Gambia and India, that would be consumed by one mug averaging 270 mL and based on the average weight of a tea bag (5.0g). The extraction procedure included a simple acid hydrolysis and HPLC was used as the method of analysis of the flavonols of interest, based on an earlier method used by Shervington et al. (2005) .
Methods and Materials

Chemicals
HPLC grade (≥99.9%) acetonitrile (ACN), water, absolute ethanol, acetone (Technical Grade), concentrated hydrochloric acid (HCl), citric acid (CA) and Sodium Dodecyl Sulfate (SDS), were all purchased from Fisher Scientific. Analytical standards of Myricetin, Quercetin, Kaempferol and tetrabutylammonium acetate (TBAA) were purchased from Sigma Aldrich.
Plant Leaves From Moringa Oleifera
The Moringa leaves obtained from Gambia and India were provided by Maxine Shervington and Ronak Patel, respectively. The Gambian batches were obtained from My Farm (2014), CFM Farm (2014), Sanyang (2016), and Sanyano (2014), whereas, the Indian leaves were obtained from Mahadev Faliya Farm (2016) located in the Gujarat region.
Instrumentation and HPLC method
The High Performance Liquid Chromatography (HPLC) system consisted of a Jasco AS-1555 autosampler system fitted with a UV-2077-Plus UV/Vis detector and a PU-2080-Plus pump. Data was recorded and analysed using Azur 5.0 software installed on a Dell 5150 computer system. Analysis was carried out under an isocratic reverse phase system, using a Waters C18 SymmetryShield 5 µ 4.60 x 250 mm column. The mobile phase consisted of 10 mM SDS, 10 mM TBAA and 25 mM citric acid made up with 60:40 acetonitrile: water. Injection volumes were 20 µL and the detection of myricetin, quercetin and kaempferol was measured at 370 nm. The flow rate was set at 1 mL/min and each run of the extracted samples, derived from the leaves treated under reflux temperatures in dilute hydrochloric acid, was for a period of 30 minutes at ambient temperature.
Preparation of mobile phase and solvent
Mobile phase (1000 mL) was prepared by mixing acetonitrile (550 mL) with HPLC grade water (400 mL) in a 1000 mL volumetric flask. To the mixture was added SDS (10 mM), TBAA (10 mM) and CA (25 mM) and to ensure that all three components had solubilized, the flask was placed into a sonicator water bath, cooled and made up to the meniscus with acetonitrile (50 mL). The solvent that was used to solubilise the analytical standards and used to dilute the plant extracts, consisted of HPLC grade acetonitrile: water (60:40). This mixture is defined as solvent A throughout the paper.
Preparation and purity of the analytical standards
Each flavonol standard was prepared by weighing out myricetin (10 mg), quercetin (10 mg) and kaempferol (10 mg) in a 100 mL volumetric flask, solubilizing them in solvent A and making up to the mark with the same solvent, resulting in the three flavanols, myricetin, quercetin and kaempferol, at concentrations of 314.22 µM, 330.86 µM and 349.36 µM, respectively. These solutions were referred to as the standard stock solutions.
Method Validation Repeatability
Stock solutions (10 mg/100 mL) of the standards were diluted 1:1 using solvent A. Myricetin, quercetin and kaempferol at concentrations of 157.11, 165.43 and 174.68 µM, respectively, were used to carryout repeatability. Each solution was injected six times and the corresponding peak area (PA) and relative standard deviation (RSD) were determined.
Reproducibility
Six solutions of myricetin, quercetin and kaempferol at concentrations of 157.11, 165.43 and 174.68 µM, respectively, were prepared and injected twice and the average PA and RSD were determined.
Linearity
Five concentrations of each of the flavonoids were prepared from the standard stock solutions (1, 2, 4, 6 and 10 mg/100 mL). Each sample was analysed twice, calibration curves were plotted and the coefficients of determination (R 2 ) and regression were obtained.
Lower Limit of Detection and Lower Limit of Quantification (LLOD and LLOQ)
All three stock solutions were repeatedly diluted down by a factor of 2 and each diluted solution was analysed twice until the LLOD was established. The LLOD was identified as the lowest concentration analysed that differentiated between the response of the sample and the background noise. The LLOQ was achieved by determining the lowest concentration that provided repeatable peak area responses in triplicate with % RSD between 2 and 3.
General procedure for the extraction and analysis of M. oleifera leaves
The batches of the Moringa oleifera leaves were each subjected to reflux conditions that involved the use of hydrochloric acid at concentrations of 0.10 M or 1.0 M. The reflux times involving the use of 0.10 M hydrochloric acid were 3, 13 and 24 hours, whereas, the reflux conditions using 1.0 M hydrochloric acid were only carried out over a 3 hour period. Batches from CFM Farm, Sanyano and My Farm were only treated with 0.10 M hydrochloric acid in order to compare findings carried out in our lab (unpublished work).
The Moringa oleifera leaves (5.0 g) was carefully transferred to a 500 ml round bottom flask and dilute hydrochloric acid (270 mL) was added to the flask with the addition of a magnetic flea. The flask was connected to a condenser and the mixture was heated to mild reflux (90°C) on a magnetic stirrer and after the allotted time, the dark red solution was allowed to cool to room temperature and approximately 100 mL was carefully transferred to a 250 mL conical flask using a filtered funnel. For the reactions that involved using 0.10 M hydrochloric acid, a 1 in 10 dilution was carried out using solvent A, whereas, a 1 in 100 dilution was carried out for the reactions that involved 1.0 M hydrochloric acid. The main reason for carrying out these dilutions was to maintain the integrity of the HPLC column. The samples were analysed using an automated injection system and each run was programmed for 30 minutes. To help in elucidating and confirming the presence of specific flavonols, spiking of samples were also carried out as part of the analysis using relevant standards.
Results and Discussion
All three flavonol standards were tested for repeatability as described in the method, and the results are summarized in Table 1 . The International Conference for Harmonization (ICH) declares that the %RSD should not exceed 2% over six injections for it to be acceptable (ICH, 2014), all three standards were found to be below 1% RSD. The standards were tested for reproducibility and the % RSD for the 6 samples of all three standards were below 2%, demonstrating a high degree of reproducibility. These results are summarised in Table 2 . Following the ICH guidelines, five concentrations of all three standards were prepared and analysed for linearity and the data is summarized in Table 3 . All three flavonols showed linearity within the range of concentrations used. The coefficient of determination R 2 for myricetin, quercetin and kaempferol were 0.9995, 0.9998 and 0.9997, respectively. The results are summarized in Table 3 . It was important to be able to detect and quantify the flavonols at very low concentrations and therefore the LLOD and LLOQ were determined using the procedures described in the method and the results are summarised in Table 4 Figure 3 shows chromatograms of myricetin, quercetin and kaempferol standards and a chromatogram showing the separation of all three flavonoid standards. Interestingly, although the chemical structure of the three flavonoids are similar, they are readily resolved on the column due to the effect the hydroxyl groups have on polarity (see Figure 1) . Myricetin, quercetin and kaempferol, were found to elute at average retention times of 3.60, 4.80 and 6.90 minutes, respectively and therefore readily resolved. All Moringa oleifera batches that included Sanyang, Mahadev Faliya Farm, My Farm, Sanyano and CFM Farm were treated under reflux conditions in 0.10 M hydrochloric for 3 hour. It was found that under these conditions, only quercetin and kaempferol could be accurately quantified (shown in Figure 4) . Interestingly, the leaves originating from CFM Farm yielded the highest concentration of quercetin (2045.01 mg/kg), while Sanyano yielded the highest concentration of kaempferol (314.01mg/kg). Myricetin appeared to be absent under this condition, however, at either higher concentrations of acid or after applying longer reflux times, myricetin was detected and quantified (Figures 5 & 6) . It was decided that due to the relatively low yield of the flavonols derived from the Gambian (Sanyang) and Indian (Mahadev Faliya Farm) leaves under these conditions and due to the fact that these batches were grown, cultivated and harvested during the same year, on two continents, attention was directed at investigating the appropriate extraction conditions that could possibly provide a more reliable indication of the flavonol content from these two sources.
The two sources of leaves were treated under mild reflux with 0.10 M hydrochloric acid for periods of 3, 13 and 24 hours. The two sources of leaves were also treated with 1.0 M hydrochloric acid but was limited to only 3 hours of mild reflux in order to limit possible undesirable degradation.
It was found that the highest yield of flavonols for both sources was achieved by mild refluxing the leaves in 0.10 M hydrochloric acid for a total of 24 hours. The Indian (Mahadev Faliya Farm) leaves, yielded myricetin, quercetin and kaempferol at concentrations of 292 mg/kg, 1099 mg/kg and 133 mg/kg, respectively, while the Gambian (Sanyang) leaves yielded myricetin, quercetin and kaempferol at concentrations of 112 mg/kg, 1092 mg/kg and 112 mg/kg, respectively. From these findings, it would appear that the concentration of myricetin from the Indian leaves is at least twofold that found in the Gambian leaves and the kaempferol from the Indian leaves is slightly higher with at least a 1.2 fold to that found in the Gambian source. Interestingly, both sources yielded similar concentrations of quercetin.
Considering the approximate quantity of these flavonols obtained from a mug of tea (volume of 270 mL) prepared from the leaves cultivated in India (Mahadev Faliya Farm), the quantity of myricetin, quercetin and kaempferol consumed would be 1.46 mg, 5.50 mg and 0.67 mg, respectively, while the quantity of myricetin, quercetin and kaempferol consumed from the Gambian (Sanyang) would be 0.56 mg, 5.46 mg and 0.56 mg, respectively. If these teas were habitually consumed at least three times daily, the myricetin, quercetin and kaempferol (Mahadev Faliya Farm) would amount to 4.38 mg, 16.5 mg and 2.10 mg, respectively, while the myricetin, quercetin and kaempferol (Sanyang) would amount to 1.68 mg, 16.38 mg and 1.68 mg, respectively. These values are not far from the values reported by Vogiatzoglou et al; who estimated the mean intake on a daily basis of myricetin, quercetin and kaempferol in adults ranging from 18 to 64 years of age (involving 14 European countries) approximates to 2 ± 0 mg, 14 ± 1 mg and 5 ± 1 mg, respectively.
The extraction procedures were carried out twice and can therefore be defined as preliminary studies. In order to optimize the findings, it would require the investigation to be carried out on a larger number of batches from both geographical regions in order to achieve statistical significance.
It was interesting to find that all five M. oleifera species yielded a higher concentration of quercetin compared to the other two flavonols, implying that it is the most abundant of the three flavonols found in the M. oleifera species (Saini (Nabavi et al., 2015) .
The results obtained from this study indicate that varying yields of flavonols were found compared to studies reported by Matshediso et al. (2015) , who achieved concentrations ranging from 406-2699 mg/kg (myricetin), 840-1488 mg/kg (quercetin) and 1730-3440 mg/kg (kaempferol), however, they employed a pressurised hot water extraction method which appeared to be a more suitable procedure with respect to improved yields but at higher costs (Nuapia et al., 2018 and Hamany Djande et al., 2018) . However, under these conditions there is an increased risk of degradation of the flavonols. Agroclimatic locations need to be considered when comparing yields since the leaves used in their investigation were grown and harvested in South Africa (Kumar and Pandey, 2013) . Furthermore, a comparison with other studies needs to consider factors such as maturity, post-harvest handling and processing/storage of the plants (Abdulkadir et al., 2015) .
One drawback experienced with the present study was that involving the separation of myricetin from the crude extract of the Gambian source, fortunately, it was resolved by applying the Azur software option that enabled an accurate estimation of myricetin.
Conclusions
A reverse phase ion-pairing HPLC method of analysis was employed to separate and quantify myricetin, quercetin and kaempferol from the M. oleifera plant. The optimal conditions for obtaining high yields of flavonols involved refluxing the leaves in 0.10 M hydrochloric acid for a period of 24 hours. The hydrolytic procedure resulted in cleaving the glycosidic bonds, releasing the flavonol in the process. This procedure is necessary in bringing about the separation of the flavonols in question, and thus, highlights possible discrepancies in reports that claim to accurately detect and quantify myricetin, quercetin and kaempferol without subjecting the conjugated molecule, known as a glycoside, to hydrolytic cleavage.
It is not surprising to find that M. oleifera grown in the different geographical regions, exhibit varying concentrations of specific flavonols. This phenomena was conveniently demonstrated in this investigation, where it was found that the Indian source exhibited at least a two fold difference in the quantity of myricetin compared to the Gambian source. An interesting project would be to carry out an extensive study of the leaves of the M. oleifera plant grown worldwide in order to compare the flavonol content using the same extraction procedures applied in this investigation. The information gained could possibly be utilized by the nutraceutical industry, interested in isolating these flavonols for commercial use.
